Background and Aims Studies that have evaluated the effects of heterospecific pollen (HP) receipt on plant reproductive success have generally overlooked the variability of the natural abiotic environment in which plants grow. Variability in abiotic conditions, such as light and water availability, has the potential to affect pollen-stigma interactions (i.e. conspecific pollen germination and performance), which will probably influence the effects of HP receipt. Thus, a more complete understanding of the extent, strength and consequences of plant-plant interactions via HP transfer requires better consideration of the range of abiotic conditions in which these interactions occur. This study addresses this issue by evaluating the effects of two HP donors (Tamonea curassavica and Angelonia angustifolia) on the reproductive success of Cuphea gaumeri, an endemic species of the Yucatan Peninsula.
INTRODUCTION
Plants rarely occur alone and often co-occur and co-flower with other plant species in a community, establishing intricate networks of indirect interactions via pollinators (e.g. Olesen and Jordano, 2002; Bascompte et al., 2006; Bascompte and Jordano, 2007; Campos-Navarrete et al., 2013; Albrecht et al., 2014) . Understanding the mechanisms and factors that influence the outcome of interspecific plant interactions as well as their importance in generating (i.e. floral evolution; e.g. Caruso, 2000; Mitchell et al., 2009; Hopkins and Rausher, 2012) and organizing (i.e. community assembly; e.g. Ghazoul, 2006; Lazaro and Totland, 2010; McEwen and Vamosi, 2010; de Jager et al., 2011) plant diversity is thus crucial if we aim to better comprehend the ecological processes that shape plant communities in nature (Geber and Moeller, 2006; Sargent and Ackerly, 2008) . While the ecology and evolutionary importance of pre-pollination interactions (i.e. facilitation and competition for pollinators) have been well studied (e.g. Fishman and Wyatt, 1999; Moeller, 2004; Ghazoul, 2006; Caruso, 2000; Mitchell et al., 2009) , much less is known about the ecology and evolutionary consequences of the post-pollination interactions that take place via pollen-style and/or pollen-pollen interactions on the stigma (but see Morales and Traveset, 2008; Ashman and Arceo-Gómez, 2013) . These post-pollination interactions have the potential to reinforce or undermine prepollination interactions (Galen and Gregory, 1989; Sargent and Ackerly, 2008) and thus can play a central role in evolutionary and community assembly processes (Morales and Traveset, 2008; Ashman and Arceo-Gómez, 2013) . However, the exact mechanisms, consequences and potential modifiers of postpollination interactions are still poorly understood. Studies of post-pollination interactions are becoming even more important as we seek to predict how plants will respond to human disturbances that are gradually altering the composition of plant and pollinator communities and the extent to which they interact, directly and indirectly (e.g. Traveset and Richardson, 2006; Bjerknes et al., 2007; Memmott et al., 2007; Hegland et al., 2009) .
Detailed studies of pollen transfer between species (hereafter, 'heterospecific pollen [HP] transfer') within and across communities have revealed that post-pollination interactions can be far more common and intense than previously acknowledged (e.g. Montgomery and Rathcke, 2012; Ashman and Arceo-Gómez, 2013; Fang and Huang, 2013) . For instance, a review of the incidence and magnitude of HP transfer across species showed that plant species can receive HP in >70 % of its flowers and in amounts that surpass 60 % of the total pollen load . Furthermore, HP receipt reduces seed production by 20 %, on average , and in some species can cause complete reproductive failure (Thomson et al., 1982) by physically or chemically interfering with conspecific pollen performance (reviewed in Morales and Traveset, 2008) . What is more, recent studies have shown that the negative effects of HP receipt can increase with the diversity of the HP load (Arceo-Gómez and Ashman, 2011), be greater on self-pollen compared with outcross conspecific pollen (Arceo-Gómez and Ashman, 2014) and be stronger if HP is deposited prior to conspecific pollen (Waser and Fugate, 1986 ; but see Arceo-Gómez and Ashman, 2014) . However, our current understanding of HP effects comes primarily from studies that have evaluated these effects in plants under the same environmental conditions (reviewed in Morales and Traveset, 2008; Ashman and Arceo-Gómez, 2013) or through in vitro testing of pollen extracts interfering with fertilization success (e.g. Sukhada and Jayachandra, 1980; Murphy and Aarssen, 1995) . These type of studies have been the norm, even though plants typically experience wide environmental variability in nature, both spatially and temporally (Chapin et al., 1987; Davis et al., 2000) , which can directly impact pollination success (Herrera, 1995) . In fact, the availability of water (Lush et al., 1998) and light (e.g. Feng et al., 2000; Campbell et al., 2001) as well as temperature (Lankinen, 2001) can influence conspecific pollen germination and pollen tube growth. For instance, limited water and light availability caused a decrease in pollen germination rate in Nicotiana alata (Lush et al., 1998) and pollen tube growth in some wheat cultivars (Campbell et al., 2001) , respectively. Thus, it would be logical to expect that not only conspecific pollen performance but also its competitive ability (i.e. capacity to respond against interference by HP), and thus the effects of HP would vary with variation in abiotic conditions, with HP effects being stronger (e.g. reduced conspecific pollen tube growth and seed production) in stressful abiotic conditions (i.e. when light and water are scarce). However, to our knowledge, this has never been tested and thus the full extent of HP effects in natural communities has not yet been explored. Furthermore, the negative effects of HP receipt have been proposed as a strong selective force promoting floral evolution and shaping co-flowering communities (e.g. Levin and Anderson, 1970; Waser, 1978; Morales and Traveset, 2008; Ashman and Arceo-Gómez, 2013) , but variation in HP effects with varying abiotic conditions could lead to temporal and spatial variability in its strength as an evolutionary force within and among populations. Thus, in order to have a better understanding of the ecological and evolutionary consequences of post-pollination interactions we need to evaluate how variation in HP effects relates to variation in abiotic conditions. In this study we aim to fill this gap in our understanding of postpollination interactions by testing the effects of two HP donors (Angelonia angustifolia and Tamonea curassavica) on the reproductive success of Cuphea gaumeri under different light and water regimes. In doing so, we will reveal the potential for spatial and temporal mosaics in the outcome of plant-plant post-pollination interactions. We ask the following specific questions: (1) Does HP receipt decrease pollen tube growth in C. gaumeri? (2) Does the effect vary by HP donor? (3) Does the effect depend on the availability of water, light, or both?
MATERIALS AND METHODS

Study system
We used Cuphea gaumeri (Lythraceae), a self-compatible, insect-pollinated (mainly bees and butterflies) shrub endemic to the Yucatan Peninsula in Mexico (Celaya, 2012) , as the pollen recipient. Cuphea gaumeri has small tubular flowers ($6-8 mm long, 4-8 mm wide), floral display ranges from ten to 80 open flowers per plant, and fruits are dry and can produce up to 20 seeds (Celaya, 2012) . This species can self-pollinate but produces very few seeds in the absence of pollinators (V. ParraTabla, pers. comm.). Cuphea gaumeri experiences wide heterogeneity, particularly in light and water availability, in the macro-and micro-environmental conditions in which it grows along its entire distribution range. For instance, it can be found in shaded environments below the canopy or near to sources of surface water that accumulate during the rainy season (up to 1000 mm month ; Parra-Tabla et al., 2015). As HP donors we used Angelonia angustifolia (Scrophulariaceae) and Tamonea curassavica (Verbenaceae), two self-compatible, insect-pollinated, non-endemic shrubs that grow in the dry scrublands along the north coast of the Yucatan Peninsula in Mexico. Both HP donors grow and bloom synchronously with the focal species during the rainy season (July-November; Alonso et al., 2013; Parra-Tabla et al., 2015) . All three species have similar flower colour (all purple flowers) and shape (all zygomorphic flowers; Alonso et al., 2013) and are considered generalists in their pollination system. Pollinator sharing among all three species is high; pollinators mainly include bees and butterflies, although the plants can also be visited by flies and wasps, among other insects (V. Parra-Tabla et al., unpubl. res.). All three species are never found together; C. gaumeri only coexists with one of the two HP donors (A. angustifolia or T. curassavica) at a time along its distribution range (Alonso et al., 2013; Parra-Tabla et al., 2015) . High levels of natural HP transfer have been observed between C. gaumeri and the two HP donors (Ashman et al., unpubl. res.) and previous evidence suggests that C. gaumeri seed production decreases in the presence of A. angustifolia and T. curassavica (Celaya, 2012) .
Plant material and experimental design
To evaluate the effects of HP receipt, water and light availability and their interaction on C. gaumeri reproductive success, we conducted an experiment of full factorial design with three factors (hand-pollination, water and light treatments) of two levels each (control [ 
Hand-pollination treatments
To evaluate the effect of each HP donor on the reproductive success of C. gaumeri, we conducted three hand-pollination treatments as follows: (1) C. gaumeri pollen only, (2) C. gaumeri plus A. angustifolia pollen and (3) C. gaumeri plus T. curassavica pollen. Mixed pollen loads were created based on the mean number of pollen grains per anther in each species (Arceo-Gómez and Ashman, 2011) for a 50/50 conspecific-HP mix, as in previous studies on HP effects (reviewed in Morales and Traveset, 2008) . Pollen grains per anther were counted using a particle counter (Beckman Coulter Z Series). Mean 6 s.e. for the number of pollen grains per anther for each species were as follows: 1017 6 400 for C. gaumeri, 30606 194 for A. angustifolia and 317 6 117 for T. curassavica. A set of C. gaumeri plants different from the ones used as pollen recipients were used as conspecific pollen donors (i.e. only outcross conspecific pollen was used). Pollen donors were watered and kept in greenhouse conditions under natural light and free of pollinators, but were not manipulated otherwise. Anthers for all pollination treatments were collected 1 d in advance and stored at room temperature in microcentrifuge tubes overnight to let them dehisce. New pollination treatments were created daily and these were not used for more than 1 d. The success of our 50/50 conspecific-HP mixes was assessed by estimating the percentage of HP from the total pollen load in a subset of pollinated flowers (n ¼ 20) that received the mixed pollen treatment in experiments with A. angustifolia (mean HP 48Á8 %, range 40-57 %) and T. curassavica (mean HP 49 %, range 43-57 %) as the HP donor. We applied each pollination treatment (i.e. control and mixed)to separate plants to control for the effects of resource reallocation among treated flowers on the same plant (Zimmerman and Pyke, 1988; Knight et al., 2006) . Thus, out of 80 recipients in each experiment 40 were randomly chosen to receive the control and 40 to receive the mixed pollen load treatment. Each pollination treatment was applied to three separate flowers on each plant using a toothpick. Flowers were emasculated before being hand-pollinated to avoid autonomous self-pollination. Since mixed pollen loads only contained 50 % conspecific pollen, we applied larger pollen loads (by pollinating flowers twice) to flowers that received the mixed treatment to account for differences in total conspecific pollen load size between the control and HP-treated flowers. Pollen load sizes were later verified by counting pollen grains on a subset of pollinated stigmas and no difference in conspecific pollen load size was observed between the control (mean 6 s.e. 26 6 9Á5 grains) and the HP-treated (27 6 14Á4 grains) flowers (F < 1Á7, P > 0Á2 n ¼ 13 for both experiments). Thus, any potential differences in reproductive success between control and HPtreated flowers would not be due to differences in total conspecific pollen load size. Average conspecific pollen loads in both pollination treatments were greater than the average number of ovules in C. gaumeri (i.e. 20) and were also similar to natural pollen loads observed on stigmas of this species (29Á9 6 4Á5; Alonso et al., 2013) . Since C. gaumeri experiences high levels of pollen limitation in natural conditions, meaning that it typically requires more pollen to fertilize all ovules (Alonso et al., 2013) , it is unlikely that stigma clogging occurred as a result of our experimental pollinations. Furthermore, no evidence of stigma clogging (e.g. overlying grains, saturated stigma surface) was observed after inspecting stigmas of pollinated flowers under the microscope.
Light and water treatments
Each hand-pollination treatment (in the two experiments) was randomly paired with a light and water availability treatment. Plants were assigned to two light conditions, high (120Á9 W m ) water availability. The high water availability treatment was achieved by watering plants daily, while plants in the low water availability treatment only received the natural rainfall that occurred at the time of the experiment. These levels of light and water availability were chosen to reflect the range of macro-and micro-environmental conditions experienced by C. gaumeri in nature. Variation in micro-environmental conditions among C. gaumeri individuals within a population can be as drastic (e.g. between <1 and >50 mm month -1 of water availability) as among-population differences due to the high spatial heterogeneity of the habitats in which this species grows (V. Parra-Tabla, unpubl. res.) and this can have important consequences for plant reproductive success (e.g. Herrera, 1995) .
Estimation of reproductive success
We used the number of pollen tubes that reached the bottom of the style (hereafter, pollen tube success) as an estimate of female reproductive success. Pollen tube success has been described as a good indicator of pre-zygotic pollination success; it is often highly correlated with seed production and thus can be considered a reliable estimator of reproductive success (e.g. Winsor et al., 1987; Waser and Price, 1991; Arceo-Gómez and Ashman, 2014) . To evaluate pollen tube success we collected styles from all three hand-pollinated flowers in each plant and stored them in 70 % ethanol. Styles from each flower were later decolorized and stained with aniline blue (Dafni, 1992; Alonso et al., 2013) and the number of pollen tubes at the base of the style was counted using a fluorescence microscope (Nikon e200V C ). Since multiple flowers were hand-pollinated on each plant (see section Hand-pollination treatments, above), we estimated the average number of pollen tubes at the base of the style per treatment for each plant.
Data analyses
To evaluate whether HP receipt, water and light availability or their interaction affected C. gaumeri female reproductive success we performed a mixed model (proc mixed in SAS; SAS Institute, 2010) with pollination, water and light treatments and their interactions as fixed factors. Variation due to individual plants was included as a random effect in the model. We performed the same model for both experiments (one for each HP donor). When the interactions were significant we conducted comparisons between levels across factors using the 'slice' statement in SAS with Bonferroni correction to adjust for multiple comparisons. Pollen tube data were transformed (square root þ 0Á5) in order to meet assumptions of normality of the residuals. For clarity of interpretation, raw means 6 s.e. are reported throughout the article.
RESULTS
When pollen mixes using T. curassavica as the HP donor were applied we observed an overall 45 % decrease in pollen tube success (2Á9 6 0Á4) compared with pollinations with pure conspecific pollen loads(control, 5Á3 6 0Á4; Table 1 ). Pollen tube success was also reduced by 38 % when plants were exposed to low (3Á1 6 0Á5) compared with high (5 6 0Á4) light conditions (Table 1 ). More importantly, however, the HP effect depended on the availability of light and water (significant three-way interaction; Table 1 ). Multiple comparisons showed that while HP receipt reduced pollen tube success by between 54 and 64 % compared with the control when light, water or both were at low levels (F 1,54 > 4Á0, P < 0Á05 for all comparisons; Fig. 1) , no difference between the two pollination treatments (control vs. mixed) was observed when the availability of both light and water was high (F 1,54 ¼ 0Á01, P ¼ 0Á9; Fig. 1 ). No other factor or interaction was significant when T. curassavica was used as the HP donor (Table 1) . TABLE 1. ANOVA results for the effects of pollination treatment (conspecific pollen only vs. conspecific þ heterospecific pollen), light (high vs. low) and water availability (high vs. low) and their interactions on the number of C. gaumeri pollen tubes that reached the bottom of the style. Results for the effects of each of the two heterospecific pollen donors evaluated are presented separately. Significant effects are noted in bold face.
Source Heterospecific pollen donor
Tamonea curassavica Angelonia angustifolia ) pollen loads were applied and when the availability of light, water or both was low and when both resources were abundant. *P < 0Á05; **P < 0Á01; NS, not significant.
When A. angustifolia was used as the HP donor we found no effect of pollen (control, 4Á6 6 0Á5; mixed, 3Á9 6 0Á4), light (high, 4Á9 6 0Á5; low, 3Á7 6 0Á4) or water (high, 4Á2 6 0Á4; low, 4Á4 6 0Á5) treatments on pollen tube success (Table 1) . However, we did observe a significant effect of light Â water treatment interaction (Table 1) . Multiple comparisons showed that low light availability reduced pollen tube success by 40 %, but only when water availability was low (F 1,54 ¼ 6Á8, P ¼ 0Á01; Fig. 2 ) and not when it was high (F 1,54 ¼ 0Á16, P ¼ 0Á6; Fig. 2) . No other interaction was found to be significant (Table 1) .
DISCUSSION
Context-dependency of heterospecific pollen effects
This study demonstrates that abiotic conditions such as water and light availability can play an important role in determining the outcome of interspecific post-pollination interactions. Specifically, we show that HP receipt, in this case from T. curassavica, decreases C. gaumeri pollen tube success only when the availabilities of water, light or both are low and not when both are abundant (Fig. 1) , thus confirming our prediction that not only conspecific pollen performance can be reduced under adverse external conditions (Lush et al., 1998; Campbell et al., 2001 ) but also its competitive ability against HP. For instance, impaired pollen germination in the absence of sufficient light and/or water could limit its response against physical or chemical interference by HP. Overall, this result strongly indicates that HP effects can depend on the abiotic environment in which plants grow, a possibility that so far has not been sufficiently explored. Studies have demonstrated wide variability in HP effects (reviewed in Morales and Traveset, 2008; Ashman and Arceo-Gómez, 2013) , ranging from severe reductions in the reproductive success of recipient plants (e.g. Thomson et al., 1982) to no effect at all (e.g. Kohn and Waser, 1985) . However, these studies might have overlooked the natural range of abiotic conditions in which these plants exist, which can affect the outcome, and thus may have misrepresented the full extent and strength of HP effects in natural communities, presumably underestimating its effects (assuming plants were kept in high-resource conditions; Herrera, 1995) . For instance, in Kohn and Waser's (1985) pioneer study Delphinium nelsonii (Ranunculaceae) pollen had no effect on the reproductive success of Ipomopsis aggregata (Polemoniaceae) when deposited on stigmas of plants that were kept in pots and in homogeneous greenhouse conditions. However, I. aggregata is a widespread herb in western USA, where it coexists with D. nelsonii and experiences high environmental variability (Grant and Wilken, 1986; Wu and Campbell, 2006) . Thus, it is possible that HP effects may exist and vary along the entire distribution range of I. aggregata depending on the environmental conditions encountered by each population. In fact, it has been noted that the effects of D. nelsonii pollen on I. aggregata's reproductive success can be variable among years (N. Waser, University of California Riverside, CR, CA, USA, pers. comm.; see also Waser, 1978; Waser and Fugate, 1986) , and here we show that this variation could be at least partially attributed to inter-year variability in resource availability. Our focal species, C. gaumeri, also has a widespread distribution range along the north coast of the Yucatan Peninsula, where it coexists with T. curassavica and is exposed to wide variation in resource and environmental conditions (Parra-Tabla et al., 2015) . Specifically, C. gaumeri can grow in a wide range of habitats that range from open scrubland with high light exposure to deciduous tropical forest, which tend to be dryer and more shaded environments (Celaya, 2012; Parra-Tabla et al., 2015) . Thus, variation in HP effects among populations of this species in natural conditions is highly likely. Our results thus highlight the importance of considering the natural range of abiotic conditions experienced by plants when evaluating the effects of HP receipt if we aim to fully understand the extent and strength of its effects in natural plant populations. It is also worth mentioning that we found no effect of A. angustifolia pollen on C. gaumeri pollen tube success. This result adds to the evidence suggesting that HP effects can be highly species-specific (Morales and Traveset, 2008; Ashman and Arceo-Gómez, 2013) . However, the underlying causes of among-species variation in HP effects are still unknown and thus remain an important and interesting avenue of research . In this case, since we used the same HP recipient for both experiments, the lack of an HP effect is likely associated with traits of the HP donor (A. angustifolia) or due to the interaction between donor and recipient traits (for a detailed description of such traits see Ashman and Arceo-Gómez, 2013) . Interestingly, we did find a light Â water treatment interaction, corroborating that abiotic conditions can have a strong influence on conspecific pollen performance.
Ecological and evolutionary implications
It has been suggested that the effects of HP receipt can have important implications for floral evolution and community assembly (Morales and Traveset, 2008; Ashman and ArceoGómez, 2013) . Specifically, these authors have suggested that HP receipt can drive the evolution of traits that confer tolerance of its negative effects, such as stigma area and style length, or cause divergence in flowering phenology (e.g. Waser, 1978) and traits that reduce pollinator sharing among species and thus help avoid HP transfer . However, our results suggest that the strength of HP receipt as an evolutionary force can vary temporally and spatially within and among populations. Thus, the evolutionary implications of HP receipt should also be evaluated in the context of the range of abiotic conditions in which plants exist. For instance, if there is high temporal variation in environmental conditions, and thus in HP effects within populations, it could relax the effects of natural selection and contribute to the persistence of traits that confer vulnerability to HP effects (for examples of such traits see Ashman and Arceo-Gómez, 2013 ) that could even lead to maladaptations (Thompson, 1999) . On the other hand, if high spatial variability in environmental conditions (i.e. across populations) exists it could intensify selection in some populations and not others, thus causing among-population divergence in traits that mediate HP effects. The latter could represent a particular case of diffuse selection (Janzen, 1980) driven by spatial and temporal variability in abiotic conditions. Furthermore, variability in HP effects could allow the establishment and persistence of plant species within communities that would not be present if detrimental effects of HP were spatially and temporally consistent, potentially influencing the structure of co-flowering communities. Although we are aware that our discussion here is speculative, we believe these are interesting avenues of research that are relevant in light of our findings, but that have been little explored and deserve further attention. We propose that only by taking into account the variability in the environmental context in which plants occur will we have a complete understanding of the ecological and evolutionary implications of the effects of HP receipt in natural communities.
Finally, C. gaumeri is an endemic species found in small populations along a narrow distribution range, where its reproduction is strongly limited by pollen availability (Alonso et al., 2013; Parra-Tabla et al., 2015) . Here we show that HP receipt has the potential to exacerbate the effects of pollen limitation, further decreasing reproductive success in this species, which could seriously threaten its persistence in natural populations. We then emphasize that studies that evaluate the effects of HP receipt should pay particular attention to its effects on endemic species, given the high vulnerability of their populations to small variations in reproductive success (Alonso et al., 2010) .
Conclusions
To our knowledge, this is the first study to show evidence for potential spatial and temporal mosaics in the outcome of postpollination interactions due to variability in abiotic conditions. Field studies that evaluate the effect of HP receipt, from the same HP donor, across multiple communities exposed to different environmental conditions (in space or time) would be desirable to confirm the context-dependency of plant-plant postpollination interactions and its ecological and evolutionary consequences. Finally, we stress the importance of incorporating the full complexity of natural systems, particularly when evaluating species interactions, if we aim to better understand the ecological and evolutionary dynamics of natural populations.
